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Background: Osteoclasts are the major players in bone resorption and have always been 
studied in the prevention and treatment of osteoporosis. Previous studies have confirmed that 
a variety of flavonoids inhibit osteoporosis and improve bone health mainly through inhibit-
ing osteoclastogenesis. Oroxin B (OB) is a flavonoid compound extracted from traditional 
Chinese herbal medicine Oroxylum indicum (L.) Vent, exerts potent antitumor and anti- 
inflammation effect, but its effect on osteoclastogensis remains unknown.
Methods: We comprehensively evaluated the effect of OB on the formation and function of 
osteoclasts and the underling mechanism by bone marrow-derived macrophage in vitro. In 
vivo, we used mice ovariectomized model to verify the protective effect of OB.
Results: OB was found to inhibit osteoclast formation and bone resorption function in vitro, 
in a dose-dependent manner and the increased osteoclastic-related genes induced by RANKL 
(NFATc1, c-fos, cathepsin K, RANK, MMP9 and TRAP) were also attenuated following OB 
treatment. Mechanistical investigation showed OB abrogated the increased phosphorylation 
level of MAPK and NF-κB pathway, and diminished the expression of the vital transcription 
factors for osteoclastogenesis. OB also prevented ovariectomy (OVX)-induced bone loss by 
inhibiting osteoclast formation and activity in mice.
Conclusion: Our study demonstrated that OB may act as an anti-osteoporosis agent by 
inhibiting osteoclast maturation and attenuating bone resorption.
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Introduction
Osteoporosis is a common systemic metabolic bone disease featured with reduced 
bone mass, deformed microarchitecture, and decreased bone strength, leading to 
increased bone fragility and susceptibility to fracture. According to reports, 
200 million people worldwide suffer from osteoporosis and 9 million have fractures 
due to osteoporosis.1,2 Although there are significant differences in the incidence of 
osteoporosis among different regions, genders and age groups, the incidence of 
osteoporosis is greatly increased in people over 60 years, especially in women. 
With the accelerated pace of the global aging society, the total number of aging 
populations will further rise, followed by a substantial increase in the number of 
patients with osteoporosis. Therefore, the prevention and treatment of osteoporosis 
is an urgent concern. During the past three decades, a variety of medications have 
been used for the prevention and treatment of osteoporosis, but few are entirely 
satisfactory. Bisphosphonates are popular and effective in reducing bone mass loss, 
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but long-term usage may lead to atypical femoral fractures 
and necrosis of jaw bone and estrogens. Hormone replace-
ment therapy (HRP), is only recommended for women 
who also have menopausal symptoms and selective estro-
gen receptor modulator raloxifene may increase the risk of 
blood clot and strokes.

The maintenance of bone homeostasis is fine-tuned by 
two highly coupling aspects, namely bone formation and 
bone resorption.3 The uncoupling of the bone resorption/ 
formation process is critical to the development of osteo-
porosis, with an exaggeration of resorption, reduction in 
bone formation or a combination of both. In postmeno-
pausal osteoporosis, abnormal increased resorption or 
demineralization are the main causes of osteoporosis. 
Osteoclasts are large multinucleated cell, which are differ-
entiated from the monocyte-macrophage lineage precursor 
cells, and are the main type of cell responsible for resorb-
ing bones. In the bone microenvironment, several cyto-
kines were reported to contribute osteoclast differentiation, 
among which the two cytokines, macrophage colony- 
stimulating factor (M-CSF) and receptor activator of 
nuclear factor-kappa B (NF-κB) ligand (RANKL), are 
demonstrated as the most crucial factor. During osteoclast 
differentiation, M-CSF not only promotes proliferation 
and survival of bone marrow monocytes (BMMs) and 
osteoclast precursors but also stimulates the expression 
of RANK, increasing activity of the RANK and RANKL 
complex by binding to CSF1R.4,5 RANKL is 
a transmembrane molecule and belongs to the tumor 
necrosis factor cytokine family. During osteoclast differ-
entiation, RANKL binds to RANK and stimulates NF-κB 
and mitogen-activated protein kinases (MAPKs) signaling 
pathways and then the activated signaling pathways upre-
gulate and activate downstream transcription factors, c-fos 
and activated T cell cytoplasm 1 (NFATc1), which are the 
hub molecules controlling the differentiation of 
osteoclasts.6,7 Following the activation of c-fos and 
NFATc1, the main molecules responsible for bone resorp-
tion (tartrate-resistant acid phosphatase (TRAP), cathepsin 
K and matrix metalloproteinase 9 (MMP9)) are upregu-
lated and ultimately completes bone resorption.

In China, the cultivation and use of medicinal plants 
play a very important role in traditional systems of med-
icines, and these plants are considered the primary sources 
of pharmaceutical compounds.8 Studies involving natural 
herbal products have been increasingly popular to inhibit 
osteoclast formation and treat osteoclast-related diseases. 
Flavonoids exist naturally in fruits, vegetables, grains, tree 

bark, roots, stems, flowers, tea, and wine.9 These natural 
products were widely known for their health benefits long 
before flavonoids with variable phenolic structure were 
isolated. Presently, several thousand flavonoids have been 
extracted and identified with most of them possessing 
a wide range of beneficial effects on antioxidation, cancer, 
diabetes, vascular and nervous diseases.10 In skeletal sys-
tem, the regulatory effect of flavonoids on bone metabo-
lism has been widely reported. Icarrin, the most abundant 
flavonoid constituent in traditional Chinese herb Epimedii, 
has been shown to stimulate bone regeneration and repair 
and demonstrated as alternative treatment for osteoporosis 
in clinical practices.11–13 In addition, some other flavo-
noids, proanthocyanidins, eriodicyol, baicalin and so on, 
were reported to attenuate OVX-induced bone loss.14–16

Oroxin B (OB), monomer composition, is one of the 
flavonoids extracted from traditional Chinese herb 
Oroxylum indicum (L.) Vent. However, at present, only four 
articles reported the biological function of OB. Firstly, OB 
was confirmed to markedly inhibit the hemolytic activity of 
α-Hemolysin and then Yang et al demonstrated that OB had 
anti-lymphoma effect without toxicity through inducing 
tumor-suppressive ER stress and inhibiting tumor-adaptive 
ER stress.17,18 The two recently published studies have con-
firmed that OB effectively exerts anti-liver cancer activity by 
inducing apoptosis in cancer cells.19,20 However, there is no 
study evaluating the effect of OB on the skeletal system. In 
this study, we aim to evaluate the effect of OB on osteoclast 
generation and activation and to explore the potential under-
lying mechanism in vitro, and its potential therapeutic ability 
in an osteoporosis model with estrogen withdrawal.

Materials and Methods
Reagents
Oroxin B (OB; C27H30O15; MW: 594.52) and Cell 
Counting Kit-8 (CCK-8) were purchased from Target 
Molecule Corp. (Boston, MA, USA), recombinant mouse 
RANKL and M-CSF from PeproTech (Princeton, NJ, 
USA), DAPI and Actin-Tracker Green from Beyotime 
(Shanghai, China). Other reagents were of the highest 
commercial grade and were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). Oroxin B was diluted in 
DMSO to different concentrations (10mM, 20mM, 30mM, 
40mM, 50mM). In vitro, the diluted OB is added to the 
medium at a ratio of 1:1000 and an equal volume of 
DMSO was added to the control group.
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Cell Culture
Bone marrow-derived macrophages (BMM) were isolated 
from the tibia and femurs of 6-week-old male C57BL/6 
mice as previously described.21 Femurs and tibias were 
removed from mice and stripped off the soft tissue. Bone 
marrow suspensions were isolated from bone marrow cav-
ities of 6-week=old mice tibias and femurs by flushing with 
α-MEM medium containing 15% fetal bovine serum (FBS). 
On the following day, the cells were collected from the 
suspension and cultured in medium supplemented with 30 
ng/mL M-CSF to remove bone marrow stromal cells, and 
nonadherent cells (BMMCs) were collected for subsequent 
use. In all experiments, M-CSF (30ng/mL) was used to 
maintain the survival of BMMs. RANKL (50ng/mL) was 
used to stimulate osteoclast differentiation.

Cell Counting
The CCK-8 assay was used to evaluate the cytotoxic 
effects of OB on BMMs. BMMs were seeded at density 
of 5×103 cells/well in 96-well plates. Twenty-four hours 
later, the BMMs were treated with DMSO (vehicle) and 
different concentrations of OB (10μM, 20μM, 30μM, 
40μM, 50μM). After 1, 3, 5 and 7 days, fresh medium 
containing 1/10 cell CCK-8 reagent was added and then 
incubated at 37°C for 1 hour. The absorbance of each well 
was recorded by FlexStation 3 at a wavelength of 450-nm 
(Molecular Device, Shanghai).

LIVE/DEAD Viability Assay
According to instruction manual of LIVE/DEAD Cell 
Imaging Kit (R37601) (Thermo Fisher Scientific, Waltham, 
MA, USA), the live green vial (A) was transferred into dead 
red vial (B) to create a 2X stock. Equal volume of the 2X 
stock was added to the culture plate ensuring full coverage 
of cells and observed under fluorescence microscope after 
incubation at 25°C for 15 min away from light. Live and 
dead cells are represented by the colors green and red.

In vitro Osteoclast Differentiation Assay
The BMMs were seeded at density of 1×104 cells/well in 
96-well plates. After 24 hours, RANKL was added into the 
medium in combination with different concentrations of 
OB (10μM, 20μM, 30μM, 40μM, 50μM), while 50μM OB 
was supplemented in medium on either day 1 or day 3. 
After 5 days, the formed osteoclasts were stained by 
tartrate-resistant acid phosphatase (TRAP) staining kit. 
TRAP-positive multinucleated cells with three or more 

nuclei were counted as osteoclast. Imaging was then 
acquired using Olympus IX-71 (OLYPUMS, Japan).

Actin Staining
The BMMs were seeded at a density of 2×104 cells/well in 
96-wells plate cultured with M-CSF. Twenty-four hours 
later, RANKL and OB were added into the medium. After 
5 days, mature osteoclasts were observed and fixed with 
4% PFA for 20 minutes. Osteoclasts were then stained 
with Actin-Tracker Green for 1 hour at room temperature 
and DAPI was used to identify cellular nuclei. Imaging 
was then done using a fluorescent microscope.

Pit Formation Assays
The BMMs were seeded at a density of 2×104 cells/well in 
Corning Osteo Assay Surface plate (Corning Incorporated 
Life Science, NY, United States). The BMMs were cultured 
with M-CSF and RANKL for 5 days. After mature osteo-
clast formation, different concentrations of OB were added 
to the medium containing M-CSF and RANKL for 3 days. 
The disks were treated with 5% sodium hypochlorite for 5 
minutes, and images were taken using a light microscope. 
The resorption pits were quantified using ImageJ.

RNA Extraction and Quantitative 
Real-Time PCR
BMMs were seeded at a density of 2.5×105 cells/well in 
6-well plates and cultured with M-CSF. Twenty-four hours 
later, RANKL and OB were added into medium. Three days 
after stimulation, the total RNA was extracted by using 
RNA-Quick Purification Kit (YISHAN Bio-Tec, 
Shanghai). The total RNA (1μg) was mixed with the 
PrimeScript Reverse Transcriptase Master Mix kit 
(TaKaRa, Japan) to synthesize cDNA. Then, the synthesized 
cDNA was then used to perform RT-qPCR, by using SYBR 
qPCR Mix (Ysasen, Shanghai) on Thermo Fisher Scientific 
Q5 instrument. The relative expression of target genes was 
calculated and normalized to the reference gene β-actin. The 
primers used in RT-qPCR are presented in Table 1.

Western Blot Analyses
To explore the mechanism of OB on osteoclast differentiation, 
BMMs were seeded on 6-well plates (2.5 × 105 cells/well) for 
24 hours. Then, the cells were pretreated with OB (50μM) in 
FBS-free medium for 12 hours and then stimulated with 
RANKL for 5 min, 15 min and 45 min, respectively. To 
analyze the long-time action of OB on osteoclastogenesis, 
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BMMs were seeded at density of 2.5×105 cells/well in 6-well 
plates and cultured with M-CSF. Twenty-four hours later, 
RANKL and OB were added to the medium. After 3 days 
stimulation, the RIPA lysis solution containing broad spectrum 
phosphatase inhibitors (1mM) and PMSF (1mM) was used to 
prepare cell lysates. The concentration of each sample was 
measured by BCA assay kit (Thermo Fisher Scientific, MA, 
USA). In Western blot, equal proteins (10μg) were subjected 
to 10% SDS polyacrylamide gel and transferred to the PVDF 
membranes (Millipore, MA, United States). The Protein Free 
Rapid Blocking Buffer (EpiZyme, Shanghai) was used to 
block the membranes followed by incubated with respective 
antibodies overnight at 4°C. The membranes were washed 
with TBS-Tween and then incubated with HRP-conjugated 
secondary antibodies at room temperature. Subsequently, the 
membranes were immersed in western ECL Substrate Kits 
(Yseasen, Shanghai) and the protein bands were detected 
using Tanon imaging system. Analysis of the grayscale 
image were obtained using ImageJ software.

Antibodies were purchased from Cell Signaling 
Technology (Boston, MA, USA): p38 (#8690), p-p38 
(#4511), ERK (#9102), p-ERK (#4370), JNK (#9252), 
p-JNK (#4668), p65 (#8242), p-p65 (#3033), IκBα (#4812), 
p-IκBα (#2859), c-fos (#2250) and RANK (#4845). The 
antibody to NFATc1 (66963-1-Ig), and β-actin (66009-1-Ig) 
were purchased from Proteintech Group Inc. (Wuhan, 
China). The antibody to cathepsin K (DF6614) and MMP9 
(AF5228) were purchased from Affinity Biosciences (USA). 
Anti-rabbit and anti-mouse HRP-conjugated secondary anti-
bodies were obtained from Jackson ImmunoResearch Inc. 
(West Grove, PA, USA).

Immunofluorescence Staining
BMMs were seeded at a density of 1×104 cells/well in 96- 
well plates and cultured with M-CSF. Twenty-four hours 
later, RANKL and OB were added into medium. After 3 
days, cells were fixed with 4% PFA (20min) and 

permeabilized with 0.25% Triton X-100 (5min). 
Osteoclasts were blocked using 2% BSA for 1 hour at 
room temperature and then incubated using the antibody 
against p65 or NFATc1 overnight at 4°C. On the next day, 
secondary antibody conjugated with FITC or Cy3 (Boster, 
Wuhan) was selected for incubating at room temperature for 
1 hour. Actin-Tracker Green was used for marking actin 
(1hour) and DAPI was used to mark cell nuclei (5min). The 
fluorescent images were captured by using fluorescence 
microscope or laser scanning confocal microscope.

Animals
Animal care and experimental procedures were approved 
by the Animal Use and Care Committee of Zhongshan 
hospital, Fudan University (Shanghai, China) and follow-
ing the guidelines of the NIH “Principles of Laboratory 
Animal Care” (1996 Revised Version). Twelve-week-old 
female C57/BL6 mice (28.7±0.8) were provided by SLAC 
Laboratory Animal Co. Ltd (Shanghai, China), and main-
tained in the animal care facility of Fudan University at 
25°C with 12:12 light/dark cycle. They were randomly 
distributed into three groups (n=8 mice/group): sham- 
operated mice intraperitoneal injected with equal volume 
DMSO (SHAM), bilateral ovariectomized mice intraperi-
toneal injected with DMSO (OVX), bilateral ovariecto-
mized mice intraperitoneal injected with OB (40 mg/kg) 
(OB) similar to previous studies.18 OB and DMSO were 
administered every 2 days for 6 weeks starting on the 
third day after surgery. After 6 weeks, all the mice were 
sacrificed by an intraperitoneal injection of 10% chloral 
hydrate and harvested for study.

Micro-Computed Tomography (μ-CT) 
and Histomorphometric Analysis
After fixation and removal soft tissue, all femoral specimens 
were scanned using Scanco vivaCT 40 instrument (Scanco 
Medical, Basserdorf, Switzerland). Serial 10.5-µm 

Table 1 List of Primers Used in Quantitative Real-Time RT-PCR

Target Gene Sense Sequence (5ʹ–3ʹ) Antisense Sequence (5ʹ–3ʹ)

NFATc1 CAACGCCCTGACCACCGATAG GGGAAGTCAGAAGTGGGTGGA
Rank CAGGAGAGGCATTATGAGCA GGTACTTTCCTGGTTCGCAT

TRAP TACCTGTGTGGACATGACC CAGATCCATAGTGAAACCGC

Cathepsin K TGTATAACGCCACGGCAAA GGTTCACATTATCACGGTCACA
c-Fos CGGGTTTCAACGCCGACTA TTGGCACTAGAGACGGACAGA

MMP9 CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG

β-Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
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tomographic images were acquired at 100kV and 98 mA. 
Then, the 3D images were obtained and observed from sagit-
tal, coronal, and transverse position by built-in software in the 
µ-CT system. Four morphometry parameters: bone volume/ 
tissue volume (BV/TV), trabecular number (Tb.N), trabecular 
thickness (Tb.Th) and trabecular separation (Tb.Sp), were 
quantitatively measured using the built-in software. 
Following micro-CT analysis, all femurs were decalcified at 
room temperature for 3 weeks. All samples were then were 
embedded in paraffin and sectioned on a microtome at 
a thickness of 5µm. Hematoxylin and eosin (H&E) staining 
was used to evaluate the the trabecular structure. TRAP stain-
ing was performed and the number of osteoclasts near femoral 
metaphysis were counted according to a previous study.22 

Bone sections were captured at 200× magnification. TRAP- 
positive cells that formed resorption lacunae at the surface of 
the trabeculae and contained one or more nuclei were identi-
fied as osteoclasts.

Serum Biochemistry
Blood was collected from mice and serum was separated 
by centrifuging immediately. Serum levels of type 1 col-
lagen cross-linked C-terminal telopeptide (CTX-I), osteo-
protegerin (OPG) and RANKL was evaluated by ELISA 
kit (Boster, Wuhan, China).

Statistical Analysis
All experiments were repeated independently for 3 times and 
the data were expressed as mean ± SD. The Q-Q plot demon-
strated that the animal data distribution was skewed, thus data 
were described with median (min–max) (Supplemental 
Material). Statistical analysis was conducted by non- 
parametric test such as Mann–Whitney test and Kruskal– 
Wallis test. The difference between the two groups was verified 
by Mann–Whitney test. The Kruskal–Wallis rank sum test was 
applied to test the data obtained from animals. Pairwise com-
parisons were conducted after Kruskal–Wallis test as post-hoc 
tests. Statistical analyses were carried out using the calculation 
software in GraphPad Prism and SPSS 23.0. P values less than 
0.05 were considered statistically significant.

Results
OB Attenuates RANKL-Induced 
Osteoclast Differentiation in vitro
We measured the potential cytotoxicity of OB on BMMs by 
CKK-8 assay at day 1, day 3, day 5, and day 7. OB concentra-
tion up to 50μM showed no negative effect on BMMs 

proliferation (Figure 1A). In addition, live/dead viability 
assay showed that OB had no significant effect on cell viability 
after 7-day treatment (Figure 1B). We further tested the effect 
of OB on RANKL-induced osteoclast formation and we found 
OB inhibited the osteoclast’ formation in a dose-dependent 
manner (Figure 2A and C). To investigate the time course 
effect of OB on osteoclast formation, 50μM OB was added 
in culture for a specified number of days during RANKL- 
stimulated osteoclast differentiation. When OB was added in 
the early stage of osteoclast differentiation (day 1 to day 3), the 
osteoclast formation was significantly reduced (Figure 2B and 
D). However, when BMMs were exposed to OB on day 3 
to day 5, the number of TRAP-positive osteoclasts showed 
a slight reduced, indicating that OB impaired early stages of the 
osteoclast formation process.

OB Exhibits Anti-Resorption Effect in vitro
During osteoclast differentiation, F-actin rings are consid-
ered as the characteristic structure of mature osteoclasts 
and is indispensable for its bone resorption activity.23 In 
this study, we used Actin-Tracker to identify the formation 
and morphology of F-actin. Consistent with inhibition of 
osteoclast formation, the formation of podosomal actin 
belts was disrupted and the reduced actin ring formation 
was associated with intervention concentration of OB 
(Figure 3A). Functionally, osteoclasts are the only type 
of cell responsible for bone resorption. Thus, we tested 
the osteoclast bone resorptive function after administration 
of OB. The reabsorbed area of the bone plate was reduced 
when osteoclasts were treated with OB (Figure 3B and C).

OB Abrogates RANKL-Associated 
NFATc1 Activation, and Downregulates 
Osteoclast-Related Genes
During RANKL-induced osteoclastogenesis, c-fos and 
NFATc1 are key transcription factors for osteoclast differ-
entiation and the expression of cathepsin K, MMP9 and 
TRAP are the prerequisites of bone resorption. Consistent 
with osteoclast formation and bone resorption, OB treat-
ment decreased the gene expression of Rank, c-fos, 
NFATc1, cathepsin K, MMP9 and TRAP in a dose- 
dependent manner (Figure 4A). Corresponding to the 
mRNA results, the protein expression of c-fos, cathepsin 
K, MMP9 and NFATc1 was significantly hampered by 
administration of OB by immunoblot analysis 
(Figure 4B–E). Immunofluorescence staining OB treat-
ment blocks NFATc1 function (Figure 4F).
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OB Inhibits RANKL-Mediated Activation 
of NF-κB and MAPK Signaling Pathways
Osteoclast formation requires the timely activation of MAPK 
and NF-κB pathways. We investigated the role of OB against 
these two pathways following stimulation of RANKL. In 
MAPK signaling pathways, administration of OB significantly 

inhibited the increased phosphorylated level of ERK, JNK and 
p38 within 45 min after RANKL stimulation (Figure 5A and 
B). The NF-κB signaling cascades is another important down-
stream target required for the formaion of mature osteoclasts. 
Upon RANK/RANKL activation, the IkB kinase complex 
induces phosphorylation and degradation of IkBα, which 

Figure 1 (A) CCK-8 assay was performed with different concentrations of OB (10, 20, 30, 40, 50μM) for 1, 3, 5, 7 days and indicated that all compounds have no toxic 
effect on BMMs. (B) The live/dead staining under different concentrations of OB (10, 20, 30, 40, 50μM) at day 7.
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lead to the phosphorylation and accumulation of p65, followed 
by nuclear translocation and binding to the target site to 
stimulate related transcription factors. In our study, OB treat-
ment inhibited degradation of IkBα and NF-κB p65 phosphor-
ylation and nuclear localization induced by RANKL 
(Figure 6A–C).

OB Inhibits Ovariectomy (OVX)-Induced 
Bone Loss and Osteoclast Formation 
in vivo
Based on the above results of OB on BMMs in vitro, we 
next investigated that whether OB also inhibits the osteo-
clast formation and function in vivo and play a protective 
effect against osteoclast-mediated bone loss caused by 

OVX. Three-dimensional (3D) reconstruction showed 
a decreased bone mass in ovariectomized mice model 
and OB treatment attenuated bone loss induced by estro-
gen deficiency (Figure 7A). Through analyzing the bone 
parameters after reconstruction, we found that BV/TV, Tb. 
N, and Tb.Sp were decreased in the OVX group and 
increased after OB administration (Figure 7B). 
Consistently, H&E staining showed the trabeculae were 
rare and thin in the region of distal femur in the OVX 
group and OB treatment could prevent bone loss caused by 
OVX (Figure 8A). Additionally, TRAP staining was used 
to investigate the effect of OB on osteoclast formation 
in vivo. Mice treated with OB showed the reduced number 
of osteoclasts per bone surface (N.Oc/BS) compared with 
OVX (Figure 8B and C). Moreover, we examined the 

Figure 2 OB inhibits RANKL-mediated osteoclastogenesis in vitro. (A) TRAP staining showed different concentrations of OB (10, 20, 30, 40, 50μM) inhibited osteoclast 
formation (upper: 200μm magnification, lower: 100μm magnification). (B) TRAP staining showed the time dependent effect of OB (50μM) on osteoclast formation, on day 1 
of OB interference (sustaining until day 3), on day 3 of OB interference (sustaining until day 5) and OB interference on the entire duration (upper: 200μm magnification, 
lower: 100μm magnification). (C) TRAP-positive cells were quantified after administration of different concentrations of OB. (D) TRAP-positive cells were quantified after 
administration in different time periods. *P < 0.05; **P < 0.01; ***P< 0.001.
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serum level of CTX-I, RANKL and OPG. The data of 
serologic markers showed that the level of CTX-I and 
RANKL were increased in OVX mice, whereas adminis-
tration of OB decreased the CTX-I and RANKL level. 
Serum OPG level in OVX mice was reduced, but OB 
treatment did not significantly alter serum OPG levels. 
As a result, the RANKL/OPG ratio was reduced in OVX 
mice treated with OB, as compared with OVX mice 
(Figure 8D).

Discussion
Bone remolding is a dynamic and constant process, which 
occurs continuously. During bone remolding, the bone is 
reabsorbed by osteoclasts and new bone formation is per-
formed by bone-forming cells. Bone formation and bone 
resorption are highly coordinated under physiological con-
ditions. In some pathological conditions, such as osteo-
porosis, long-term excessive formation and function of 
osteoclast are common. Thus, the negative regulation of 

osteoclasts directly affects skeletal integrity and may be 
a feasible strategy for preventing bone loss.24

Oroxylum indicum (L.) Vent has been used as an 
analgesic, antitussive and as an anti-inflammatory agent 
for treating coughs, bronchitis, and other diseases.25 

Through modern pharmacological analysis and verifica-
tion, it was found that it possesses anti-inflammatory, 
anticancer, antioxidant, and immunostimulant activities, 
indicating its potential in clinical use.26–29 OB as a major 
bioactive constituent, has been proven to possess anti- 
cancer properties.18–20 However whether OB affects osteo-
clasts remains unknown. In this study, we demonstrated 
that OB could effectually inhibit osteoclast formation and 
function both in vitro and in vivo, and effectively attenuate 
bone loss induced by OVX. To our knowledge, this is the 
first time such an effect has been proven.

As reported in previous studies, the activation of MAPK 
and NF-κB signaling pathway has been demonstrated as 
important regulatory pathway in osteoclastogenesis.30,31 

Figure 3 OB exhibits anti-resorption effect in vitro. (A) The formed podosomal actin belts as assessed by Actin-Tracker staining. (B) Representative images of pit area by 
osteoclasts on Osseo Assay plate. (C) Quantification of pits formation area. **P < 0.01.
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Figure 4 OB abrogates RANKL-associated NFATc1and c-fos transcription and downregulates osteoclast-related genes. (A) The RT-qPCR assay detected the relative mRNA 
expression of osteoclastogenesis-associated marker genes, including NFATc1, c-fos, TRAP, Rank, cathepsin K and MMP9. (B) Western-blot analysis for OB’s effects on protein levels 
of NFATc1 and c-fos. (C) Western-blot analysis for OB’s effects on protein levels of MMP9 and cathepsin K. (D) Quantitative analysis of NFATc1 and c-fos. (E) Quantitative analysis 
of MMP9 and cathepsin K. (F) Immunofluorescence images for OB’s effects on protein expression of NFATc1. ns, no statistical significance; *P < 0.05; **P < 0.01.
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Extracellular signal-regulated kinase (ERK), c-Jun 
N-terminal kinase (JNK), and MAPK p38 constitute the 
MAPK signaling pathway. During RANKL-induced osteo-
clastogenesis, the phosphorylation of ERK and JNK initial 
transcription of c-fos, contributes to osteoclast lineage 
commitment.32,33 The activated p38 directly stimulates tran-
scription of NFATc1, which is considered as a key event in 
the determination of the fate of osteoclasts.7 In our study, we 
found that pretreatment with OB could significantly inhibit 
the increase in phosphorylation levels of all three MAPKs 
induced by RANKL in different degrees. Phosphorylation of 
IκBα was increased after RANKL stimulation, which in turn 
leads to the phosphorylation and accumulation of P65, fol-
lowed by nuclear translocation and binding to a DNA target 
site to stimulate associated transcription factors.31 According 
to our data, the phosphorylation level of IκB and P65 was 
suppressed by OB and the accumulation of P65 in nuclear 
was reduced. These data suggested OB inhibits the increase 
in phosphorylation levels of both MAPK and NF-kB signal-
ing pathways, resulting in the inhibition of osteoclast forma-
tion and function.

As mention above, c-fos and NFATc1, the downstream 
targets of MAPK and NF-κB signaling pathway, are two 
indispensable regulatory factors in osteoclast formation. 

c-Fos originates from the FOS family proteins, which 
belongs to the activator protein 1 (AP-1) transcription factor 
group. During osteoclast differentiation, c-Fos is induced at 
an early differentiation stage, which binds to NFATc1 pro-
moter to promote NFATc1 expression and acts as a driver to 
trigger the shift to osteoclast or macrophage differentiation 
from a common progenitor. c-Fos mutant mice showed 
osteopetrotic phenotype with reduced number of TRAP- 
positive osteoclasts.34 NFATc1, another key transcription 
factor regulating several osteoclast-specific genes such as 
TRAP, cathepsin K and MMP9, through the cooperation with 
c-Fos, which are the key matrix-degrading enzymes for bone 
resorption.35–37 The indispensable effect of NFATc1 in 
osteoclastogenesis has been well demonstrated in some stu-
dies. The upregulated expression of NFATc1 could signifi-
cantly stimulate osteoclast differentiation even though in 
absence of RANKL and osteoclast-specific conditional 
NFATc1-deficient mice resulted in osteopetrosis owing to 
the defective of osteoclast differentiation.38,39 In our current 
study, the upregulated expression of c-fos, cathepsin K, 
MMP9 and NFATc1 stimulated by RANKL were reduced 
by the administration of OB.

In vivo, as a serum biomarker of bone resorption, the 
serum CTX-I level was increased in OVX mice and 

Figure 5 OB attenuates RANKL-mediated activation of MAPK signaling pathway. BMMs were pretreated with OB (50μM) in FBS-free medium for 12 hours. Then, all cells 
were stimulated with RANKL (50ng/mL) for 5min, 15min and 45 min, respectively. (A) Western-blot analysis detected effect of OB on the phosphorylated level of ERK, JNK 
and p38 after RANKL induction. (B) Quantitative analysis revealed the phosphorylated ERK, JNK and p38 to total ERK, JNK and p38. ns, no statistical significance; *P < 0.05; 
**P < 0.01.
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Figure 6 OB attenuates RANKL-mediated activation of NF-κB signaling pathway. BMMs were pretreated with OB (50μM) in FBS-free medium for 12 hours. Then, all cells 
were stimulated with RANKL (50ng/mL) for 5min, 15min and 45 min, respectively. (A) Western-blot analysis detected effect of OB on the phosphorylated level of IkB-α and 
p65 associated with RANKL stimulation. (B) Quantitative analysis of phosphorylated IkB-α and p65 to total IkB-α and p65. (C) Confocal images detected nuclear of p65 
following RANKL stimulation without or with OB treatment. ns, no statistical significance; *P < 0.05; **P < 0.01.

Drug Design, Development and Therapy 2021:15                                                                             https://doi.org/10.2147/DDDT.S328238                                                                                                                                                                                                                       

DovePress                                                                                                                       
4821

Dovepress                                                                                                                                                           Huang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 7 OB inhibits ovariectomy (OVX)-mediated bone loss in vivo. (A) Representative 3D reconstruction micro-CT images of the trabecular bone of distal femoral 
metaphysis, showing the protective effect of OB against bone loss. (B) Morphometric parameters of trabecular structure: trabecular bone volume/tissue volume (BV/TV), 
trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp). ns, no statistical significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P< 0.0001.
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decreased after administration of OB, which was consis-
tent with the results of our in vitro study. As mentioned 
above, RANKL is the primary signal for osteoclastic dif-
ferentiation, while OPG acts as a decoy receptor that 
competitively binds to RANKL and thus interrupts the 
RANKL-RANK activation and then impairs the differen-
tiation and maturation of osteoclasts.40 The serologic 
results showed that the upregulated RANKL in OVX 
mice were regulated by OB administration, leading to 
alteration of RANKL/OPG ratio, which indicated that 
OB regulated the differentiation and maturation of osteo-
clasts through RANKL/OPG system in vivo.

We do acknowledge the limitations in our study. 
Firstly, our study clarified that OB showed excellent effi-
cacy on inhibiting osteoclast differentiation. However, the 
influence of OB on osteoblasts still needs to be verified. 
The molecular targets of OB regarding osteoclast differ-
entiation also need to be clarified in future studies.

To our knowledge, our study is the first to demon-
strate that OB possesses protective effects against bone 
loss resulting from ovariectomy, by suppressing the 
expression of c-fos and NFATc1, through regulating 
the activation of NF-κB and MAPK in RANKL- 
induced osteoclast differentiation. Taken together, these 
findings indicate that OB may serve as a latent thera-
peutic strategy for osteoporosis. The anti- 
osteoclastogenic activity of OB under clinical settings 
should be addressed in future.
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